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HIGHLIGHTS 


►  Proton  exchange  membranes  for  the  direct  methanol  fuel  cells  (DMFCs). 

►  A  semi-interpenetrating  polymer  network  (SIPN)  based  on  poly(phenylene  oxide). 

►  Use  of  cross-linker  structure  to  modify  membrane  morphology  and  properties. 

►  Narrow  and  well-connected  hydrophilic  channels  are  useful  for  DMFC  applications. 

►  Demonstration  of  membranes  which  surpassed  Nafion®  117  in  single  cell  tests. 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  27  August  2012 
Received  in  revised  form 
29  October  2012 
Accepted  1  November  2012 
Available  online  10  November  2012 


Keywords: 

Semi-interpenetrating  polymer  network 
Poly(2,6-dimethyl-l,4-phenylene  oxide) 
Direct  methanol  fuel  cell 
Proton  exchange  membrane 


Four  series  of  semi-interpenetrating  polymer  network  (SIPN)  membranes  are  fabricated  by  thermally 
cross-linking  aminated  BPPO  (brominated  poly(2,6-dimethyl-l,4-phenylene  oxide))  with  different 
epoxide  cross-linkers  in  the  presence  of  sulfonated  PPO  (SPPO).  The  cross-link  structure  and  hydro- 
phobicity  are  found  to  impact  the  membrane  morphology  strongly  —  smaller  and  more  hydrophobic 
cross-links  form  narrow  and  well-connected  hydrophilic  channels  whereas  bulky  and  less  hydrophobic 
cross-links  form  wide  but  less-connected  hydrophilic  channels.  The  membranes  of  the  former  can 
support  facile  proton  transport  and  suppress  methanol  crossover  to  result  in  higher  proton  conductivity 
and  lower  methanol  permeability  than  the  membranes  of  the  latter.  The  membranes  are  also  fabricated 
into  membrane  electrode  assemblies  (MEAs)  and  tested  in  single-stack  direct  methanol  fuel  cells 
(DMFCs).  It  is  found  that  some  of  these  SIPN  membranes  can  surpass  Nafion®  117  in  maximum  power 
density,  demonstrating  their  potential  as  a  proton  exchange  membrane  (PEM)  for  the  DMFCs. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  main  function  of  a  proton  exchange  membrane  (PEM)  in  the 
direct  methanol  fuel  cell  (DMFC)  is  to  shuttle  protons  from  the 
anode  to  the  cathode  and  inhibit  the  diffusion  of  methanol  at  the 
same  time  [1].  A  PEM  typically  comprises  both  hydrophilic  and 
hydrophobic  components.  The  former  is  used  to  support  proton 
transport  and  usually  contains  sulfonic  acid  groups.  The  hydro- 
phobic  component,  on  the  other  hand,  furnishes  the  mechanical 
strength  and  dimensional  stability  of  the  membrane  [2].  In  the 
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presence  of  water,  microphase  separation  occurs  between  the 
hydrophilic  and  hydrophobic  components  —  the  sulfonic  acid 
groups  associate  to  form  sulfonic  acid  clusters  which,  upon 
connection,  form  the  “hydrophilic  channels”  [3].  Protons  are 
transported  through  the  hydrophilic  channels  with  the  assistance 
of  water,  thus  the  connectedness  of  the  channels  determines  the 
proton  conductivity  of  any  given  membrane. 

A  continuous  networks  of  hydrophilic  channels  is  clearly 
favorable  to  proton  transport  [4,5].  Such  a  network  may  however 
allow  the  unhindered  diffusion  of  methanol  molecules,  leading  to 
significant  methanol  crossover  and  the  degradation  of  DMFC 
performance.  One  solution  to  reduce  methanol  crossover  is  to 
narrow  the  hydrophilic  channels  to  increase  the  resistance  selec¬ 
tively  for  the  larger  methanol  molecules.  Hence  PEMs  for  DMFCs 
should  be  designed  to  provide  narrow  and  well-connected  hydro¬ 
philic  channels.  Currently  block/graft  copolymers  specifically 
designed  to  promote  self-assembly  are  used  to  prepare  these  PEMs 
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[6-10].  The  synthesis  of  the  block/graft  copolymers  is  often 
complex  and  has  not  been  designed  for  scalable  production  [11]. 

The  semi-interpenetrating  polymer  network  (SIPN)  can  be  an 
alternative  approach  to  deliver  the  desired  PEM  morphology  of 
narrow  and  well-connected  hydrophilic  channels.  SIPN  is  a  special 
class  of  polymer  composites  where  a  linear  or  branched  polymer 
penetrates  extensively  into  a  network  of  other  polymers  [12-14].  It 
offers  ease  of  preparation  and  more  tailorability  of  the  PEM 
morphology  compared  with  the  graft/block  copolymers.  This  is 
because  the  hydrophilic  and  hydrophobic  components  can  be  very 
intimately  mixed  (approaching  molecular  level)  in  an  SIPN  struc¬ 
ture.  The  uniform  dispersion  of  the  hydrophilic  component  in 
a  hydrophobic  polymer  network  can  greatly  increase  the  connec¬ 
tivity  of  the  hydrophilic  channels  [15-17].  Hydrophilic  sulfonic  acid 
clusters  with  relatively  small  size  are  also  formed  at  the  same  time. 
The  hydrophilic  channels  can  then  be  made  narrower  to  inhibit  the 
methanol  passage  more  effectively. 

A  specific  methodology  of  using  the  SIPN  structure  for  PEM 
fabrication  is  presented  here.  Specifically,  PEMs  with  well- 
connected  hydrophilic  channels  are  produced  by  thermally  cross- 
linking  aminated  BPPO  (brominated  poly(  2, 6-dimethyl- 1,4- 
phenylene  oxide))  with  an  epoxide  cross-linker  in  the  presence  of 
sulfonated  PPO  (SPPO).  The  PPO  polymer  is  selected  as  the  base 
material  because  of  its  good  mechanical  properties  and  excellent 
hydrolytic  stability  [18].  In  the  SIPN  structure  fabricated  as  such,  the 
epoxide  cross-linked  aminated  BPPO  is  the  polymer  network  host 
providing  the  mechanical  properties  of  the  PEM  while  SPPO  is  the 
penetrant  and  the  proton  source.  In  order  to  optimize  the  selec¬ 
tivity  of  proton  transport  over  methanol  permeation,  four  epoxides 
with  different  sizes  and  solubility  parameters,  namely  1,4- 
butanediol  diglycidyl  ether  (BDE),  resorcinol  diglycidyl  ether 
(RDE),  bisphenol  A  diglycidyl  ether  (BADE)  and  poly(bisphenol  A- 
co-epichlorohydrin)  (PBAE),  are  used  as  cross-linkers.  Microstruc- 
tural  characterizations  and  electrochemical  measurements  reveal 
significant  differences  in  the  PEM  morphology  and  proton  trans¬ 
port  properties  due  to  the  use  of  different  cross-linkers.  Changes  in 
the  cross-linker  structure  capped  by  two  epoxide  groups  are  used 
to  provide  a  better  understanding  of  the  impact  of  the  molecular 
segment  between  the  two  epoxide  end  groups  on  the  proton  and 
methanol  transport  properties  of  SIPNs.  This  is  helpful  to  the 
development  of  some  rudimentary  composition— morphology- 
property  relationships  for  the  PEM  design. 

2.  Experimental  section 

2.1.  Preparation  of  SIPN  membranes 

Sulfonated  PPO  (SPPO)  was  synthesized  by  a  published  proce¬ 
dure  using  chlorosulfonic  acid  as  the  sulfonation  reagent  [19]. 
Specifically,  a  calculated  amount  of  chlorosulfonic  acid  (99.0— 
99.4%,  Sigma-Aldrich)  was  added  to  a  PPO  (Sigma-Aldrich)  solu¬ 
tion  in  chloroform  (99%,  Merck)  at  room  temperature  over  a  period 
of  30  min  under  vigorous  stirring.  The  reaction  was  allowed  to 
continue  for  30  more  min  after  the  addition.  The  precipitate  from 
the  reaction  was  filtered  off  and  dissolved  in  NMP  (N-methyl-2- 
pyrrolidone),  and  dried  in  an  oven  at  80  °C  for  solvent  removal.  The 
oven-dried  solid  was  washed  with  deionized  water  until  the  rinse 
water  was  pH  6—7,  and  then  vacuum-dried.  The  ion  exchange 
capacity  (IEC)  of  the  SPPO  synthesized  as  such  was  determined  to 
be  2.07  mmol  g-1,  or  29.8%  degree  of  sulfonation  according  to  the 
relation  given  in  the  literature  [20]. 

The  PPO-based  SIPN  membranes  were  prepared  by  a  thermal 
cross-linking  method.  The  preparation  of  BDE0.25  where  the  figure 
‘0.25’  refers  to  the  ratio  of  epoxide  groups  to  bromomethyl  groups 
(1.0  for  complete  cross-linking)  is  given  below  as  an  example.  BPPO 


(59.1%  benzyl  bromide  and  40.9%  aryl  bromide  as  analyzed  by 
NMR  (Nuclear  Magnetic  Resonance)  spectrometry,  Tianwei 
Membrane  Corporation  Ltd.  of  Shandong)  and  SPPO  were  dissolved 
separately  in  NMP  to  a  concentration  of  30  mg  mL-1  each.  Excess 
ammonia  (32%,  Merck)  was  added  to  the  solutions  to  neutralize 
SPPO  and  to  aminate  BPPO,  respectively.  A  measured  amount  of 
BDE  (Sigma-Aldrich)  cross-linker  was  also  added  to  the  BPPO 
solution.  After  stirring  for  1  h,  the  two  solutions  were  mixed.  The 
mixture  was  cast  onto  a  glass  petri  dish,  cured  at  80  °C  for  48  h  and 
then  at  100  °C  for  2  h  in  vacuum.  The  membrane  formed  as  such 
was  acidified  in  1.0  M  HC1  for  24  h,  washed  several  times  with 
distilled  water  and  then  air-dried.  A  polymer  blend  membrane  was 
also  prepared  from  neutralized  SPPO  and  aminated  BPPO  without 
any  cross-linker,  and  used  as  the  control.  All  the  membranes 
examined  in  this  study  were  prepared  with  a  -S03H/-CH2Br  molar 
ratio  of  5/1,  which  was  found  by  screening  experiments  to  repre¬ 
sent  a  good  balance  between  various  membrane  properties  such  as 
dimensional  swelling  and  proton  conductivity. 

2.2.  Characterizations 

Transmission  electron  microscopy  (TEM)  was  performed  on 
a  JEOL  JEM-2010  TEM  operating  at  200  kV  accelerating  voltage. 
Membranes  for  TEM  examination  were  first  treated  with  a  satu¬ 
rated  solution  of  Pb(N03)2  for  24  h  to  enhance  the  image  contrast 
between  ionic  and  non-ionic  clusters.  They  were  then  rinsed  with 
distilled  water  and  dried  under  vacuum.  The  TEM  samples  were 
prepared  by  epoxy  embedding  (Sigma-Aldrich)  and  sectioned  to 
50  nm  thin  slices  by  an  ultramicrotome  (Leica).  The  slices  were  then 
placed  on  100  mesh  copper  grids  for  TEM  analysis.  Scanning 
transmission  electron  microscopy  (STEM)  and  elemental  mapping 
by  energy  dispersive  X-ray  (EDX)  spectroscopy  were  performed  on 
a  JEOL  2101 F  TEM.  X-ray  photoelectron  spectroscopy  (XPS)  were 
collected  by  a  Kratos  Axis  Ultra  DLD  spectrometer.  All  binding 
energies  were  referenced  to  the  Cls  carbon  peak  at  284.6  eV.  The 
thermal  properties  of  the  membranes  were  evaluated  by  differen¬ 
tial  scanning  calorimetry  (DSC)  on  a  Mettler-Toledo  DSC  822e  in  N2 
atmosphere.  Typically  the  membrane  samples  were  heated  from  25 
to  270  °C  at  the  rate  of  10  °C  min-1.  A  Bruker  DRX-400  MHz  NMR 
spectrometer  operating  at  500  MHz  was  used  for  13C  NMR 
measurements.  The  tensile  strengths  and  strains  of  the  membranes 
were  measured  by  an  Instron  5544  universal  tester  at  room 
temperature.  For  the  measurements,  a  membrane  was  cut  into 
a  (3  x  1  cm)  rectangle  which  was  held  in  flat-faced  grips  and  pulled 
apart  at  the  crosshead  speed  of  1  mm  min-1. 

Water  uptake  (WU)  by  the  membranes  was  measured  by  the 
difference  in  weights  between  the  dry  (Wdry,  g)  and  water- 
saturated  states  (Wwet,  g)  of  a  membrane.  Water  uptake  was 
calculated  as  the  wt.%  of  the  dry  sample: 

WU  =  (  ( Wwet  -  wdry)  / Wdry)  x  1 00%  ( 1 ) 

Membrane  dimensional  changes  were  estimated  by  equili¬ 
brating  a  sample  strip  in  water  at  a  fixed  temperature  for  24  h,  and 
then  measuring  the  changes  in  length: 

A/  =  ((/w  -  ld)/ld)  x  100%  (2) 

where  lw  and  / d  are  the  lengths  of  the  wet  and  dry  membranes, 
respectively. 

The  membrane  IEC  was  determined  by  acid-base  titration.  First, 
a  membrane  in  its  native  H+  form  was  equilibrated  in  1.0  M  NaCl  for 
24  h  to  fully  exchange  the  protons  with  sodium  cations.  The  acidity 
in  the  NaCl  solution  was  then  titrated  with  0.01  M  NaOH.  The  IEC 
(mmol  g-1)  was  calculated  as  the  moles  of  exchangeable  protons 
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per  gram  of  the  dry  weight.  Methanol  permeability  measurements 
were  carried  out  using  a  two-compartment  diffusion  cell  [21].  One 
of  the  compartments  was  filled  with  2.0  M  methanol  solution,  and 
the  other  with  deionized  water.  A  membrane  fully  hydrated  with 
deionized  water  was  fastened  between  the  two  compartments.  The 
increase  in  methanol  concentration  in  the  water  compartment  with 
time  was  monitored  by  gas  chromatography  (Shimadzu  GC2010 
with  flame  ionization  detector).  Methanol  permeability  (P,  cm2  s-1) 
was  calculated  from  the  slope  of  the  CB(t)  vs.  t-to  plot  by  the 
relation: 

CB(t)  =  (A/VB)(P/L)CA(t-to)  (3) 

where  Ca  is  the  initial  methanol  concentration,  CB(t)  is  the  meth¬ 
anol  concentration  in  the  water  compartment  at  time  t,  VB  is  the 
volume  of  deionized  water  in  the  water  compartment,  L  is  the 
membrane  thickness  and  A  is  the  effective  diffusional  area. 

Membrane  proton  conductivity  was  determined  by  the  standard 
four-point  probe  technique.  Impedance  in  the  1  MHz— 50  Hz 
frequency  range  was  measured  by  an  Autolab  PGSTAT  12 
(Netherlands)  potentiostat/galvanostat  fitted  with  a  FRA2 
frequency  response  analyzer.  Membrane  resistance  (R,  Q)  was 
regressed  from  impedance  measurements  according  to  an  estab¬ 
lished  procedure  [22].  Proton  conductivity  (o\  S  cm-1)  was  then 
calculated  by  the  equation: 

a  =  L/RWd  (4) 

where  L  is  the  distance  between  the  potential-sensing  electrodes, 
W  and  d  are  the  width  and  thickness  of  the  sample,  respectively. 

2.3.  Fabrication  of  membrane  electrode  assembly  (MEA)  and  DMFC 
tests 

Membrane  electrode  assemblies  (MEAs)  were  prepared  by  the 
hot  pressing  technique  using  the  following  electrodes  supplied  by 
Alfa  Aesar:  Pt:Ru  alloy  anode  with  3.0  mg  cm-2  total  metal  loading 
and  Pt  cathode  with  2.0  mg  cm-2  total  metal  loading.  Nation® 
solution  was  used  as  the  binder  for  both  electrodes  and  the  active 
cell  area  was  5  cm2.  Membrane  electrode  assembly  was  fabricated 
by  placing  a  membrane  sample  (or  a  Nation®  117  membrane) 
between  the  two  commercial  electrodes  and  hot-pressed  at  125  °C 
and  60  kg  cm-2  for  3  min.  The  resultant  MEA  was  then  stored  in 
a  tightly  sealed  container.  DMFC  measurements  were  performed  on 
a  single-stack  micro  DMFC  supplied  by  Fuel  Cell  Technologies  Inc.  A 
2.0  M  methanol  aqueous  solution  was  fed  to  the  anode  compart¬ 
ment  at  5  cm3  min-1  through  a  micropump.  Dry  oxygen  was 


delivered  to  the  cathode  compartment  at  50  cm3  min-1.  The  DMFC 
performance  was  evaluated  at  50  °C.  As  part  of  cell  conditioning,  all 
cells  were  rested  in  the  open  circuit  condition  for  30  min  before  any 
measurement  was  taken. 

3.  Results  and  discussion 

3 A.  Synthesis  and  characterization  of  SIPN  structures 

An  SIPN  structure  is  formed  by  mixing  aminated  BPPO,  an 
epoxide  cross-linker  (BDE,  RDE,  BADE  or  PBAE)  and  neutralized 
SPPO,  and  keeping  the  mixture  at  80  °C  to  improve  the  reaction 
kinetics.  Aminated  BPPO  is  synthesized  by  the  reaction  of  BPPO 
with  excess  ammonia  (Fig.  la).  The  XPS  (Fig.  2)  and  13C  NMR 
spectroscopy  (Fig.  3)  confirm  the  successful  completion  of  the 
synthesis.  When  ammonia  is  added  to  a  BPPO  solution,  the  bro- 
momethyl  (— CH2Br)  groups  of  BPPO  are  converted  to  aminomethyl 
(-CH2NH2)  groups.  The  two  peaks  in  the  Nls  XPS  spectrum 
(Fig.  2b)  with  binding  energies  at  about  399.0  eV  and  401.3  eV  are 
characteristics  of  primary  amines  and  ammonium  cations,  respec¬ 
tively  [23].  In  Fig.  3b,  the  absence  of  a  peak  around  28  ppm  char¬ 
acteristic  of  the  aliphatic  carbon  in  the  bromomethyl  group  (peak 
‘a’  in  Fig.  3a)  suggests  the  complete  conversion  of  -CH2Br  groups 
into  -CH2NH2  groups  [24].  When  aminated  BPPO  is  subsequently 
cross-linked  by  an  epoxide  cross-linker  via  the  -CH2NH2  groups 
(Fig.  lb),  hydroxyl  groups  are  formed  in  the  inter-chain  covalent 
cross-links,  which  are  confirmed  by  comparing  the  13C  NMR 
spectrum  of  a  cross-linked  sample  (e.g.  the  RDE1.0  membrane)  with 
a  sample  without  the  epoxide  cross-linker  (Fig.  3b  and  c).  Two  new 
peaks  emerge  in  the  13C  NMR  spectrum  of  the  cross-linked 
membrane  RDE1.0,  at  68.2  ppm  (peak  ‘b’)  and  69.7  ppm  (peak 
‘c’).  Peaks  ‘b’  and  ‘c*  correspond  well  with  carbon  atoms  next  to  a  - 
OH  group  and  a  -O—  group,  respectively,  indicating  that  the 
epoxide  groups  have  reacted  with  the  aminomethyl  groups. 

The  neutralized  SPPO  is  immobilized  in  situ  by  the  cross-linked 
BPPO  network  during  covalent  cross-linking.  The  pre¬ 
neutralization  of  the  sulfonic  acid  (— SO3H)  groups  in  SPPO  by 
ammonia  is  an  essential  step.  It  averts  the  precipitation  of  a  poly¬ 
mer  salt  in  the  reaction  mixture  due  to  ion  pair  formation  between 
aminated  BPPO  and  SPPO  (protonated  amine-sulfonate  anion  ion 
pair)  [21  ].  Four  series  of  uniform,  self-standing  membranes  cross- 
linked  by  different  epoxides  are  obtained  after  the  evaporation  of 
the  NMP  solvent.  Post-treatment  of  the  membranes  in  HC1  solution 
re-acidified  the  SPPO,  finalizing  the  preparation  of  the  SIPN 
membranes.  Based  on  the  — SO3H/-CH2NH2  ratio  used  for 
membrane  preparation,  the  acidic  -SO3H  groups  are  present  in 
stoichiometric  excess.  Some  of  the  — SO3H  groups  would  develop 
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Fig.  1.  Schematic  of  (a)  synthesis  of  aminated  BPPO  and  (b)  covalent  cross-linking  between  aminated  BPPO  and  epoxide  cross-linkers. 
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Fig.  2.  (a)  XPS  spectra  of  BPPO  and  aminated  BPPO,  (b)  Nls  core-level  spectrum  of 
aminated  BPPO,  where  the  green  and  blue  peaks  represent  the  primary  amines  and 
ammonium  cations,  respectively.  (For  interpretation  of  the  references  to  colour  in  this 
figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


ion  pairs  with  unreacted  -CH2NH2  groups  or  with  the  amine 
moieties  formed  by  the  covalent  cross-linking  reaction.  The 
remaining  -SO3H  groups  are  free  to  sustain  proton  transport  in  the 
membrane. 

3.2.  Composition-morphology-property  relationships 

The  chain  structure  and  polarity  of  polymers  have  a  strong 
influence  on  the  membrane  morphology  [3,4,25—31].  In  order  to 
better  understand  the  causative  relationship,  the  effects  of  cross¬ 
link  size  and  solubility  parameter,  and  the  amount  of  cross-linker 
used  on  membrane  morphology  (by  TEM)  are  examined.  The  size 
(V,  cm3  mol-1)  and  solubility  parameter  (5,  (cal  cm3)0,5)  of  the 
cross-links  between  two  epoxide  groups  are  estimated  by  previ¬ 
ously  published  methods  [32,33]  and  are  summarized  in  Table  1. 
Both  “V”  and  “<5”  follow  an  increasing  trend  in  the  order  of 
BDE  <  RDE  <  BADE  <  PBAE.  A  higher  8  value  indicates  decreasing 
hydrophobicity  of  the  cross-link. 

The  morphology  of  the  SIPN  membranes  is  examined  by  TEM. 
Four  images  of  the  0.5  series  SIPN  membranes  are  used  as 
comparative  examples  in  Fig.  4.  The  dark  spots  in  the  TEM  images 
are  sulfonic  acid  clusters  stained  by  Pb2+  ions  to  enhance  the  image 
contrast  [7].  The  EDX  elemental  mapping  confirms  the  simulta¬ 
neous  presence  of  Pb2+  and  sulfur  in  these  spots  (Fig.  5).  Fig.  5b  and 
c  is  the  element  maps  of  S  and  Pb  for  the  Pb2+  stained  RDE0.75 
membrane  cross-section  shown  in  Fig.  5a.  The  bright  spots  in  the 
EDX  maps  are  in  registration  with  each  other,  and  correspond  well 
with  the  dark  spots  in  the  TEM  image  (Fig.  5a).  The  super- 
imposability  of  these  measurements  confirms  that  the  dark  spots 
are  Pb2+  exchanged  sulfonic  acid  groups. 

The  TEM  images  in  Fig.  4  show  a  very  different  morphology  of 
BDE0.5  from  the  other  three  SIPN  membranes  (i.e.,  RDE0.5, 
BADE0.5  and  PBAE0.5):  the  sulfonic  acid  clusters  are  significantly 


Fig.  3.  13C  NMR  spectra  of  (a)  BPPO,  (b)  blend  membrane  of  SPPO  and  aminated  BPPO  and  (c)  RDE1.0  membrane. 
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Table  1 

Calculated  size  and  solubility  parameters  of  cross-links  between  two  epoxide 
groups. 


M 

(g  mol-1) 

Va 

(cm3 

mol-1) 

p  (g  cm  3) 

£Fb[(cal 
cm3)03 
cm3  mol-1] 

dc  [(cal 
cm3)0-5] 

BDE 

116.3 

109.2 

1.01 

938 

8.17 

RDE 

136.2 

114.6 

1.19 

1064 

9.31 

BADE 

254.4 

209.6 

1.21 

2057 

9.80 

PBAE 

291.0 

329.2 

0.88 

3432 

10.38 

Methanol 

- 

- 

14.51d 

Water 

- 

- 

23.41d 

a  Data  from  the  previous  article  [32]. 

b  Total  molar  attraction  constant  can  be  estimated  by  simple  addition  of  group 
contributions  [33].  The  effect  of  conformations  was  not  taken  into  account. 

c  The  solubility  parameter  can  be  calculated  via  5  =  pJ^F/M,  where  M  is  the 
molecular  weight,  p  is  the  density. 

d  Data  from  handbook  [49]. 

smaller  in  BDE0.5.  This  is  taken  as  an  indication  of  a  smaller  extent 
of  phase  separation  in  this  particular  membrane  matrix.  The  size 
and  solubility  parameter  of  the  BDE  cross-link  are  smaller  than  the 
other  three  cross-links  (RDE,  BADE  and  PBAE).  This  enables  the 
formation  of  a  relatively  dense  hydrophobic  membrane  structure 
with  good  dimensional  stability  in  the  aqueous  solution.  The 
movement  of  SPPO  is  constrained,  which  limits  the  aggregation  of 
sulfonic  acid  groups  into  large  ionic  clusters.  The  large  number  of 
small  sulfonic  acid  clusters  in  BDE0.5  should  increase  the  possi¬ 
bility  of  developing  narrow  and  well-connected  hydrophilic  chan¬ 
nels  upon  hydration  [34],  as  shown  in  the  illustration  of  Fig.  6a.  On 
the  contrary,  the  bulkier  RDE,  BADE  and  PBAE  cross-links  would 
space  out  the  cross-linked  polymer  chains,  resulting  in  more 
freedom  for  the  SPPO  polymer  segmental  motion.  In  addition,  the 
relatively  high  solubility  parameters  of  RDE,  BADE  and  PBAE  cross¬ 
links  stimulate  water  permeation  and  consequently  promote  the 
aggregation  of  sulfonic  acid  groups  into  large  clusters.  The  larger 
sulfonic  acid  clusters  in  RDE0.5,  BADE0.5  and  PBAE0.5  are  however 
more  isolated,  and  the  formation  of  wider  but  less-connected 
hydrophilic  channels  is  more  likely  to  occur  (Fig.  6b). 


The  effect  of  cross-linker  amount  on  membrane  morphology  is 
investigated  next.  The  BDE  membranes  will  be  used  for  discussion 
(Fig.  7)  as  their  results  are  typical  of  the  other  three  SIPN 
membranes  (see  Figs.  SI -S3  in  Supporting  Information).  All  four 
series  of  the  SIPN  membranes  display  the  same  trend  of 
morphology  variations:  increasing  isolation  of  the  sulfonic  acid 
clusters  with  increasing  cross-linker  amount.  This  is  because  a  high 
cross-linking  degree  would  interrupt  the  continuity  of  the  hydro¬ 
philic  channels  by  forming  dead-ends  in  the  latter.  Dead-ends  are 
an  impediment  to  the  development  of  a  contiguous  network  of 
hydrophilic  channels.  The  TEM  images  mirror  the  difficulty  in  Pb2+ 
staining  due  to  the  diffusion  limitations  of  dense  membranes. 

In  order  to  determine  the  relation  between  membrane  compo¬ 
sition  and  transport  properties,  the  IEC  and  proton  conductivity  of 
the  membranes  are  measured  and  plot  against  the  epoxide  to  - 
CH2Br  ratio  in  Fig.  8.  The  measured  IEC  value  of  Nation®  117  is 
0.90  mmol  g-1.  Its  good  agreement  with  the  literature  value  is 
a  validation  of  the  measurement  method  [35].  The  measured 
proton  conductivity  of  Nation®  117  of  0.05  S  cm-1  is  also  included  in 
Fig.  8b  for  reference.  A  decreasing  trend  of  IEC  and  proton 
conductivity  with  increasing  cross-linker  amount  is  observed  for  all 
four  series  of  the  SIPN  membranes.  It  is  known  that  proton 
conduction  depends  on  the  accessibility  of  the  ionic  sites  in 
aqueous  solution.  The  increase  in  the  number  of  dead-end  channels 
with  increasing  cross-linking  could  reduce  the  number  of  acces¬ 
sible  sulfonic  acid  groups  and  increase  the  tortuosity  in  proton 
transport  to  result  in  low  IEC  and  conductivity  values.  Comparison 
of  the  four  series  of  SIPN  membranes  indicates  generally  higher 
proton  conductivities  than  that  of  the  Nation®  117  membrane.  The 
BDE  membranes,  in  particular,  have  the  highest  proton  conductivity 
of  the  SIPN  membranes. 

The  high  proton  conductivity  of  the  BDE  membranes  could  be 
explained  by  membrane  morphology.  Generally,  proton  transport 
in  PEMs  can  occur  by  three  mechanisms  depending  on  the  water 
environment.  In  the  surface  water  region  of  the  hydrophilic  chan¬ 
nels,  proton  transfer  occurs  by  the  surface  diffusion  mechanism 
through  a  series  of  hops  between  adjacent  -SO3  groups  on  the 
channel  surface  [36].  In  the  bulk  water  region  of  the  hydrophilic 


Fig.  4.  TEM  images  of  SIPN  membranes:  (a)  BDE0.5,  (b)  RDE0.5,  (c)  BADE0.5,  (d)  PBAE0.5. 
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Fig.  5.  EDX  elemental  maps  of  S  and  Pb  of  a  Pb2+  stained  RDE0.75  membrane,  (a)  TEM  image  of  the  Pb2+  stained  RDE0.75  membrane;  (b)  sulfur  signal;  (c)  lead  signal  (shown  as 
bright  spots). 


channels,  proton  transfer  occurs  by  two  complementary  mecha¬ 
nisms:  the  Grotthuss  mechanism  and  the  vehicular  mechanism. 
The  former  involves  the  breaking  and  making  of  hydrogen  bonds 
between  proton-donating  hydronium  ions  (e.g.  H5O2  or  H9O4 )  and 
proton-accepting  water  molecules;  and  molecular  reorientation 
[37].  The  latter  occurs  by  the  movement  of  proton-water  aggre¬ 
gates,  in  a  process  similar  to  molecular  diffusion.  The  overall  proton 
conductivity  is  the  sum  of  the  contributions  from  the  three 
mechanisms.  Previous  studies  have  indicated  that  the  relative 
contributions  could  be  differentiated  by  the  hydration  number  A 
(the  number  of  water  molecules  per  sulfonic  acid  group  in  the 
membrane).  Specially,  the  dominant  proton  conduction  mecha¬ 
nism  at  high  water  contents  (A  >  14)  is  Grotthuss  diffusion,  while  at 
moderately  water  content  (A  =  6-13)  the  vehicular  mechanism 
predominates  [25,38].  As  water  content  decreases  (A  <  6),  the 
strong  association  between  SO3  and  H30+  makes  it  difficult  for 
protons  to  transfer  by  the  vehicular  mechanism.  In  this  case,  the 
surface  mechanism  becomes  increasingly  important  [37]. 

The  hydration  numbers  A  of  the  SIPN  membrane  calculated  from 
their  IEC  values  and  water  uptake  are  given  in  Table  2.  The  A  values 
are  all  in  the  range  indicative  of  moderate  hydration,  and  hence  the 
vehicular  mechanism  should  prevail.  The  rate  of  proton  diffusion  by 
the  vehicular  mechanism  depends  on  the  size  and  the  connectivity 
of  the  hydrophilic  channels.  Relative  to  the  BDE  membranes,  the 


a 


Fig.  6.  Illustrations  showing  the  sulfonic  acid  clusters  in  SIPN  membranes  formed  with 
different  cross-links,  (a)  Small  and  more  hydrophobic  cross-links  form  small  and 
numerous  sulfonic  acid  clusters,  which  expand  into  narrow  but  well-connected 
hydrophilic  channels  upon  hydroation.  (b)  Bulky  and  less  hydrophobic  cross-links 
form  large  but  isolated  sulfonic  acid  clusters,  thus  wide  hydrophilic  channels  with 
more  dead-ends  are  formed  upon  hydration. 


other  three  series  of  SIPN  membranes  should  have  an  edge  in 
proton  conduction  because  their  wider  hydrophilic  channels  would 
allow  more  protons  to  be  transported  together  with  water  mole¬ 
cules.  The  advantage  is  however  compensated  by  the  lower 
connectivity  of  the  hydrophilic  channels  in  RDE,  BADE  and  PBAE 
membranes.  The  results  of  proton  conductivity  measurements 
suggest  that  the  connectivity  effect  outweighed  the  size  effect  on 
proton  transport  in  these  membranes.  Therefore  the  BDE 
membranes  benefit  from  a  highly  connective  network  of  hydro¬ 
philic  channels  where  the  vehicular  diffusion  of  protons  could 
contribute  to  high  proton  conductivity. 

Methanol  transport  occurs  in  the  same  hydrophilic  channels 
along  with  protons  and  water  by  a  vehicular-like  mechanism. 
Hence,  methanol  permeability  is  strongly  affected  by  the  size  and 
the  connectivity  of  the  hydrophilic  channels.  The  methanol 
permeability  of  the  membranes  varied  from  3.22  x  1CT7  cm2  s-1 
(BADE0.25)  to  -2.29  x  1(T7  cm2  s_1  (BADE1.0)  (Fig.  9),  which  are 
an  order  of  magnitude  lower  than  the  methanol  permeability  of 
Nafion®  117  measured  under  the  same  experimental  conditions 
(2.01  x  10-6  cm2  s-1).  Hence  the  SPIN  membranes  have  generally 
good  methanol  barrier  properties.  The  methanol  permeabilities  of 
BDE,  RDE  and  BADE  membranes  are  about  the  same,  and  are  higher 
than  the  methanol  permeability  of  the  PBAE  membranes.  The  good 
connectivity  of  the  hydrophilic  channels  in  the  BDE  membranes 
does  not  however  cause  an  increase  in  methanol  crossover  because 
the  small  channel  size  impedes  methanol  diffusion.  Relative  to 
protons,  the  size  effect  affects  methanol  molecules  more  because  of 
the  larger  complexation  size  of  the  latter  (i.e.,  self-associations  as 
(CH3OH)a,  water-bound  complexes,  (CH30H)m(H20)n,  and  proton 
bound  complexes  H+(CH3OH)b)  [39-42].  The  good  methanol- 
barrier  properties  of  the  RDE  and  BADE  membranes,  on  the  other 
hand,  are  more  likely  due  to  the  increase  in  the  tortuosity  and  dead¬ 
ends  of  the  channels.  The  same  reason  could  also  explain  the  very 
low  methanol  permeability  of  the  PBAE  membranes  formed  by  the 
extremely  bulky  PBAE  cross-linker. 

3.3.  Dimensional  swelling,  mechanical  property  and  oxidative 
stability  of  SIPN  membranes 

A  high  water  uptake  can  cause  excessive  membrane  swelling, 
resulting  in  the  delamination  of  MEA  at  the  membrane-electrode 
interface  and  consequently  poor  fuel  cell  durability  [43].  Small 
membrane  dimensional  changes  are  therefore  desirable  for  the 
DMFC  operation.  The  dimensional  swelling  of  the  SIPN  membranes 
is  measured  at  25  and  80  °C  respectively,  the  two  ends  of  the 
operating  temperature  typical  for  DMFCs  (Fig.  10).  All  SIPN 
membranes  have  smaller  dimensional  swelling  than  the  uncross- 
linked  SPPO/aminated  BPPO  blend  membranes  especially  at  the 
higher  temperature.  This  is  clearly  due  to  the  effectiveness  of 
a  cross-linked  network  in  restraining  swelling.  The  RDE,  BADE  and 
PBAE  membranes  undergo  comparable  or  smaller  dimensional 
changes  than  the  BDE  membranes,  even  though  water  uptake  in  the 
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Fig.  7.  TEM  images  of  SIPN  membranes:  (a)  BDE0.25,  (b)  BDE0.5,  (c)  BDE0.75,  (d)  BDE1.0. 


former  is  higher.  The  discrepancy  between  water  uptake  and 
membrane  swelling  could  be  explained  by  the  larger  free  volume  of 
the  RDE,  BADE  and  PBAE  membranes.  In  these  membranes,  the 
cross-links  serve  as  spacers  to  keep  the  polymer  chains  at  a  greater 
distance.  The  spacing-out  effect  results  in  more  free  volume  for 
water  absorption.  The  bulky  cross-links,  however,  inhibit  the  SPPO 
segmental  motion,  thus  restraining  the  swelling  of  the  SPPO 
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Fig.  8.  IEC  (a)  and  proton  conductivity  (b)  of  SIPN  membranes. 


polymers  in  water.  Hence,  the  dimensional  changes  in  RDE,  BADE 
and  PBAE  SIPN  membranes  remains  small. 

The  above  effect  of  the  cross-linkers  is  also  reflected  by  DSC 
measurements.  Two  endothermic  peaks  at  around  125  °C  and 
240  °C  are  detected  in  the  DSC  curves  of  the  SIPN  membranes 
(Fig.  S4  in  Supporting  Information).  Although  the  assignment  of  the 
first  peak  (I)  at  lower  temperature  remains  contestable  [44,45],  it  is 
more  likely  associated  with  the  rotation  of  the  phenyl  rings  in  short 
PPO  segments.  The  high-temperature  peak  (II)  should  relate  more 
to  intermolecular  attractions  (i.e.,  dipole-dipole  interactions 
between  — SO3H  groups  and  ion  pair  interactions)  and  polymer 
chain  movements  [46].  Generally,  an  endothermic  peak  at  high 
temperature  in  the  DSC  curve  is  an  indication  of  constrained 
polymer  chain  movements,  and  high  energy  barrier  in  phase 


Table  2 

The  water  uptake  (WU,  %),  hydration  number  (A,  the  number  of  water  molecules  per 
sulfonic  acid  groups  in  membranes),  and  mechanical  properties  of  SIPN  membranes. 


Membrane 

WU  (%) 

A 

Tensile 

strength 

(Mpa) 

Maximum 
elongation  (%) 

SPPO/aminated 

BPPO 

24.30 

7.89 

18.90 

13.28 

BDE0.25 

28.41 

8.82 

18.83 

17.53 

BDE0.5 

29.71 

9.22 

23.57 

16.99 

BDE0.75 

26.31 

8.40 

26.94 

13.16 

BDE1.0 

20.71 

6.97 

31.29 

11.45 

RDE0.25 

24.30 

7.89 

18.03 

19.63 

RDE0.5 

29.94 

9.50 

23.93 

15.59 

RDE0.75 

30.31 

9.68 

26.16 

13.19 

RDE1.0 

26.39 

8.78 

30.69 

11.42 

BADE0.25 

24.30 

7.89 

17.33 

18.36 

BADE0.5 

34.38 

11.24 

24.36 

16.13 

BADE0.75 

35.94 

11.96 

27.65 

15.24 

BADE1.0 

31.48 

10.86 

30.84 

12.09 

PBAE0.25 

24.30 

7.89 

20.16 

16.62 

PBAE0.5 

34.45 

11.26 

25.28 

13.85 

PBAE0.75 

32.86 

10.99 

27.12 

13.91 

PBAE  1.0 

30.62 

10.70 

37.70 

13.76 

Nation®  117 

20.10 

12.41 

17.85 

177.00 
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Fig.  9.  Methanol  permeability  of  SIPN  membranes. 


transition.  Consequently  the  second  peak  (II)  in  Fig.  11  is  carefully 
analyzed  to  provide  some  information  on  the  SIPN  membrane 
microstructure.  The  peak  temperature  is  lower  in  the  RDE,  BADE 
and  PBAE  membranes  than  in  the  BDE  membranes,  suggesting  less 
constrained  motion  of  the  polymer  chains  which  is  consistent  with 
the  spacing-out  effect  and  larger  free  volume  in  membranes. 

The  results  from  the  tensile  strength  measurements  are 
summarized  in  Table  2.  With  the  increase  in  the  cross-linking 
extent,  all  four  series  of  SIPN  membranes  show  higher  tensile 
strengths  and  lower  strains.  The  measured  tensile  strengths  and 
maximum  elongations  of  the  BDE,  RDE  and  BADE  SIPN  membranes 
are  in  the  ranges  of  17.33-31.29  MPa  and  11.42-19.63%,  respec¬ 
tively.  The  PBAE  SIPN  membranes  are  the  notable  exception  with 
much  higher  tensile  strengths  (20.16-37.70  MPa).  This  could  be 
because  the  bulky  PBAE  cross-links  inhibit  the  relative  segmental 
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Fig.  10.  Dimensional  swelling  in  Nafion®  117  and  SIPN  membranes  at  (a)  25  °C  and  (b) 
80  °C. 


Fig.  11.  The  transition  peak  (II)  temperature  of  SIPN  membranes. 

motion  of  the  polymer  chains.  For  comparison,  the  tensile  strength 
and  maximum  elongation  of  Nafion®  117  under  the  same  test 
conditions  are  17.85  MPa  and  177.00%,  respectively.  Elence  while 
the  SIPN  membranes  are  relatively  rigid,  they  do  possess  sufficient 
mechanical  strength  to  be  used  in  DMFCs. 

The  oxidative  and  hydrolytic  stability  of  the  membranes  are  also 
measured  and  Table  3  is  the  summary  of  the  measurements.  The 
oxidative  stability  of  the  membranes  is  evaluated  by  the  Fenton  test 
(chemical  stability  in  3  wt.%  H2O2  aqueous  solution  containing 
3  ppm  FeCh  4EI2O)  at  80  °C  [47].  All  membranes  are  embrittled  after 
1  h  in  the  Fenton  solution.  Detachment  of  small  fragments  occurs  to 
result  in  over  10  wt.%  of  weight  loss.  Compared  to  a  weight  loss  of 
23.1  wt.%— 57.3  wt.%  for  the  BADE  and  PBAE  membranes,  the  BDE 
and  RDE  membranes  fare  better,  showing  more  oxidative  stability. 
This  is  because  the  oxidative  attack  by  radical  species  (HO*  and 
HOO*)  should  occur  mostly  in  or  in  the  proximity  of  the  hydrophilic 
domains  [48].  The  high  water  content  of  BADE  and  PBAE 
membranes  renders  them  more  susceptive  to  the  radical  attack.  The 
hydrolytic  stability  of  the  membranes  is  evaluated  by  measuring  the 
proton  conductivity  before  and  after  equilibrium  in  80  °C  water  for 
two  weeks.  All  membranes  show  negligible  loss  of  conductivity. 


3.4.  Single-stack  DMFC  test 

The  SIPN  membranes  and  an  SPPO/aminated  BPPO  blend  are 
fabricated  into  MEAs  and  tested  in  single-stack  DMFCs.  Power 


Table  3 

Oxidative  and  hydrolytic  stability  of  SIPN  membranes. 


Membrane 

Oxidative  stability 

Hydrolytic  stability 

Weight  loss  in 

Proton  conductivity 

Fenton’s  test  (%) 

(S  cm-1) 

before  after 

SPPO/aminated  BPPO 

34.4 

0.051 

0.046 

BDE0.25 

21.6 

0.058 

0.056 

BDE0.5 

19.0 

0.058 

0.055 

BDE0.75 

14.6 

0.057 

0.055 

BDE1.0 

13.3 

0.053 

0.050 

RDE0.25 

21.2 

0.056 

0.053 

RDE0.5 

20.6 

0.056 

0.054 

RDE0.75 
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Fig.  12.  Single  cell  performance  of  SIPN  membranes  and  Nafion®  117:  (a)  polarization 
curves,  (b)  power  density  curves. 

density  and  other  fuel  cell  parameters  are  measured  in  order  to 
evaluate  the  membrane  performance  under  practical  conditions. 
The  RDE0.75,  BADE0.5  and  PBAE0.25  and  PBAE0.75  membranes  are 
able  to  deliver  a  higher  maximum  power  density  than  Nafion®  117, 
as  shown  in  Fig.  12.  For  example,  the  maximum  power  density  of 
the  BADE0.5  MEA  is  about  80.0  mW  cm-2  at  310  mA  cm-2,  about 
30%  higher  than  the  Nafion®  117  MEA  (62.6  mW  cm-2  at 
270  mA  cm-2).  The  open  circuit  voltage  (OCV)  is  also  higher  with 
the  BADE0.5  MEA  (0.814  V)  than  with  the  Nafion®  117  MEA 
(0.793  V).  Compared  with  the  four  SIPN  membranes,  the  cell 
performance  of  the  SPPO/aminated  BPPO  blend  membrane  is 
relatively  poor  with  a  maximum  power  density  of  only 
42.9  mW  cm-2.  The  improved  performance  of  the  SIPN  membranes 
in  DMFCs  could  be  attributed  to  their  low  methanol  permeability. 
The  polarization  curves  and  power  density  plots  for  all  of  the  SIPN 
membranes  can  be  found  in  Supporting  Information  (Figs.  S5-S8). 
In  general  the  single  cell  performance  of  most  RDE,  BADE  and  PBAE 
membranes  is  better  than  that  of  the  BDE  membranes.  While  the 
proton  conductivity  of  the  BDE  membranes  is  higher  than  the  other 
three  series  of  membranes,  the  BDE  membranes  do  not  perform  as 
well  at  the  MEA  level.  The  reason  remains  unknown  but  the 
difference  in  current  density  between  conductivity  measurements 
(zero  current  density)  and  single  cell  tests  (high  current  densities) 
could  be  a  contributing  factor  (possible  changes  in  polymer 
dynamics).  This  is  an  indication  of  the  importance  of  single  cell 
tests  for  the  objective  evaluation  of  PEM  performance. 


4.  Conclusions 

The  SIPN  membranes  with  narrow  and  well-connected  hydrophilic 
channels  have  been  synthesized  by  thermally  cross-linking  BDE  with 


aminated  BPPO  in  the  presence  of  linear  SPPO.  The  resulting 
membranes  exhibit  higher  proton  conductivity  and  lower  methanol 
permeability  when  compare  with  Nafion®  117.  Three  other  series  of 
SIPN  membranes  are  also  prepared  using  different  cross-linkers  (i.e., 
RDE,  BDE,  and  PBAE).  Comparison  between  these  four  series  of 
membranes  reveals  the  importance  of  the  cross-link  structure  on 
membrane  morphology.  Specifically,  membranes  formed  with  small 
and  more  hydrophobic  cross-links  (i.e.,  BDE)  have  smaller  sulfonic  acid 
clusters  than  membranes  formed  with  bulky  and  less  hydrophobic 
cross-links  (i.e.,  RDE,  BADE  and  PBAE).  This  difference  is  attributed  to 
the  dense  structure  and  water  rejection  property  in  the  former  which 
impede  the  aggregation  of  sulfonic  acid  groups  into  larger  clusters. 
There  are  however  more  small  sulfonic  acid  clusters  in  the  BDE 
membranes  to  increase  the  extent  of  channel  connection  upon 
hydration.  The  sulfonic  acid  clusters  in  RDE,  BDE,  and  PBAE 
membranes  are  larger  but  more  isolated,  hence  only  wider  but  less- 
connected  hydrophilic  channels  are  formed  after  hydration.  As 
a  result  of  the  difference  in  channel  morphology,  the  BDE  membranes 
yield  higher  proton  conductivity  than  the  other  three  series  of 
membranes.  This  study  provides  an  alternative  strategy  to  using  block/ 
graft  copolymers  for  the  preparation  of  membranes  with  narrow  and 
well-connected  hydrophilic  channels.  Some  general  composition- 
morphology- property  relationships  are  discovered  which  could  be 
useful  for  the  design  of  other  SIPN  PEMs. 
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